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dictions	are	supported	by	our	 tests.	What	makes	 this	especially	noteworthy	 is	 that	
differences	in	the	diets	of	plant-	eating	insect	species	are	typically	ignored	by	the	pop-
ulation	genetic	models	we	use	to	make	predictions	about	insecticide	resistance	evolu-




















sects	 survive	 exposure	 to	 synthetic	 insecticides	 using	 physiological	
systems	 that	 initially	 evolved	 to	 survive	 exposure	 to	 naturally	 pro-
duced	insecticides,	that	is,	the	defensive	chemicals	of	their	host	plants.	
This	 hypothesis	 is	 consistent	with	 numerous	 observations	 of	 cross-	
resistance:	In	many	cases,	a	by-	product	of	adaptation	to	a	toxic	host	




adaptation	 hypothesis	 is	 also	 consistent	with	 our	 understanding	 of	
metabolic	resistance;	detoxification	of	insecticides	and	plant	defensive	
chemicals	rely	on	many	of	the	same	metabolic	pathways	(Bass	et	al.,	









Tabashnik,	 2004;	 Stratonovitch,	 Elias,	 Denholm,	 Slater,	 &	 Semenov,	
2014).	As	it	stands,	there	has	been	one	published	comparative	statisti-
cal	test.	Rosenheim,	Johnson,	Mau,	Welter,	and	Tabashnik	(1996)	used	
the	 pre-	adaptation	 hypothesis	 to	make	 this	 prediction:	 Plant-	eating	





this	basis,	Rosenheim	et	al.	predicted	 that	 sapsuckers	 should	evolve	
less	 resistance	 than	 leaf-	chewers.	 Their	 comparative	 analysis	 sup-
ported	 this	 prediction.	 However,	 it	 had	 an	 important	 shortcoming.	
Specifically,	it	did	not	account	for	phylogenetic	pseudo-	replication.
If	we	observe	that	two	species	share	a	trait,	it	could	be	that	they	










Sapsucking	 appears	 to	 have	 evolved	 only	 once	 in	 plant-	eating	
insects	(Douglas,	2006).	Without	replication,	we	cannot	use	compar-








groups	with	 especially	 strong	 or	 diverse	 chemical	 defenses—should	
















abundance,	and	pest	severity.	 In	 theory,	voltinism	should	affect	 the	
rate	at	which	allele	frequencies	change,	and	empirically,	 it	has	been	
shown	to	have	significant,	albeit	complex,	effects	on	the	rate	of	pes-
ticide	 resistance	 evolution	 (Rosenheim	 &	 Tabashnik,	 1990,	 1991).	
Ploidy	 could	 also	 affect	 the	 rate	 of	 resistance	 evolution,	 although	
just	 how	 depends	 on	 the	mode	 of	 resistance—for	 example,	 target-	
site	insensitivity	versus	enzymatic	detoxification—and	the	dominance	













Host	 use	 of	 these	 species	 was	 modeled	 at	 the	 level	 of	 host-	
plant	 families,	 records	 of	 which	 came	 from	 multiple	 sources:	 for	
Aphidoidea	(aphids),	Aphids	on	the	World’s	Plants	(http://www.aphid-
sonworldsplants.info/);	for	Chrysomelidae	(leaf	beetles),	Clark,	2004;	
for	 Coccoidea	 (scale	 insects),	 ScaleNet	 (http://scalenet.info,	 Garcìa	
Morales	 et	al.,	 2016);	 for	 Eriophyoidea	 (eriophyid	 mites),	 Amrine	 &	
Stasny,	1994;	for	Lepidoptera	(moths	and	butterflies),	the	HOSTS	data-
base	(http://www.nhm.ac.uk/our-science/data/hostplants/,	Robinson,	
Ackery,	 Kitching,	 Beccaloni,	 &	Hernández,	 2010);	 for	Miridae	 (plant	
bugs),	 the	 Plant	 Bug	 Biodiversity	 Inventory	 (http://research.amnh.
org/pbi/),	 via	Discover	 Life	 (http://www.discoverlife.org/);	 for	North	
American	 Hemiptera	 (true	 bugs),	 the	 Tri-	Trophic	 Database	 project	
(http://tcn.amnh.org/);	 for	 all	 pests,	 the	CABI	 PlantWise	 fact	 sheets	
(https://www.plantwise.org/).	The	taxonomic	scope	of	some	of	these	




ifas.ufl.edu/;	 http://www.extension.umn.edu/),	 although	 this	 added	









Note	 that	when	we	use	 taxonomic	measures	 of	 diet	 breadth	 to	
test	the	pre-	adaptation	hypothesis,	we	assume	a	positive	correlation	
between	 taxonomic	 and	 chemical	 diversity.	We	expect	 this	 to	hold,	
as	defensive	chemistry	varies	considerably	across	plant	families	(Kite,	









to	 the	 contrary	 can	 be	 found	 in	 the	 nestedness	 of	 plant–herbivore	
trophic	 networks	 (Thébault	&	 Fontaine,	 2008).	The	 least-	connected	
species	 in	a	network	tend	to	 interact	with	the	most-	connected	spe-












parameters	 of	 a	 GTR	+	G	 nucleotide	 substitution	 model	 (unlinked	
across	 loci).	 In	 the	 tree	 search,	we	 imposed	 the	NCBI	 taxonomy	 as	
a	 topological	 constraint.	 The	 search	 comprised	 100	 nonparametric	
bootstrap	 (BS)	 replications,	with	every	 fifth	BS	 tree	used	as	a	 start-
ing	tree	for	optimization	of	the	un-	permuted	dataset.	To	scale	phylo-
genetic	branch	lengths	to	time,	we	used	the	relaxed	molecular	clock	
approach	 implemented	 in	 TreePL	 (Smith	 &	 O’Meara,	 2012),	 which	
assumes	an	autocorrelated	model	of	among-	lineage	substitution	rate	
variation	(i.e.,	lineages	inherit	substitution	rates	from	their	ancestors)	
and	uses	penalized	 likelihood	 to	 find	an	optimal	 set	of	branch	 rates	





We	 drew	 records	 of	 insecticide	 resistance	 evolution	 from	 the	
Arthropod	Pesticide	Resistance	Database	(http://www.pesticideresis-
tance.org/).	We	 then	 classified	each	 case	 according	 to	 the	mode	of	 
action	 taxonomy	 of	 the	 Insecticide	 Resistance	 Management	
Committee	(http://www.irac-online.org/).	To	be	clear,	we	looked	only	
at	insecticides,	many	of	which	are	also	used	to	control	mites,	but	we	
did not consider chemicals used only to control mites.
Data	on	voltinism	came	mostly	from	the	Rosenheim	et	al.	 (1996)	
database,	with	additional	information	for	scale	insects	from	ScaleNet,	
and	 for	other	 species	 from	 land-	grant	 extension	pest	profiles.	As	 in	
Rosenheim	et	al.,	1996;	when	a	range	of	generations	per	year	was	re-
ported,	we	took	the	average	of	those	values.	If	only	a	minimum	num-
ber	of	generations	per	year	was	 reported,	we	used	 the	minimum.	 If	

















eters	of	 a	 variety	of	 generalized	 linear	mixed	models.	 In	one	 set	of	
tests,	we	used	Poisson	models	to	explore	the	breadth	of	 insecticide	
resistance	evolution.	The	 response	variable	was	 the	count	of	major	













three-	level	 classification	 (Order,	 Family,	 Genus)	 of	 pest	 species.	We	
refer	to	the	former	as	phylogeny	models	and	the	latter	as	taxonomy	
models.	The	relationships	in	the	phylogeny	models	are	more	accurate	
and	 informative,	but	 the	 taxonomy	models	allow	us	 to	analyze	 spe-
cies	 lacking	 published,	 phylogenetically	 informative	 DNA	 sequence	
data	(514	species	in	taxonomy	models	vs.	344	in	phylogeny	models).	
Moreover,	 the	phylogeny	models	 assume	 that	 characters	 evolve	via	
Brownian	motion,	which	could	be	a	poor	fit	for	characters	such	as	host	
range.	In	contrast,	the	taxonomy	models	assume	a	more	punctuated	
evolutionary	model.	Consistent	 results	 across	phylogeny	and	 taxon-
omy	models	would	reassure	us	that	we	are	not	being	misled	by	poor	
assumptions	about	the	evolutionary	process.	In	all	cases,	the	response	




























the	 stationary	 distribution.	 Each	 of	 the	 host-	family	 models	 in	 the	
second	set	was	run	10	times,	with	10	million	iterations	for	each	run.	
Convergence	 for	 these	models	was	assessed	with	both	 the	Geweke	
diagnostic	and	that	of	Gelman	and	Rubin	(1992).
3  | RESULTS
3.1 | Do pests with more diverse diets evolve 








After	 accounting	 for	 phylogenetic	 history	 and	 differences	 in	
voltinism,	ploidy,	and	pest	severity,	we	found	that	diet	breadth	pre-
dicts	 the	 evolution	 of	 insecticide	 resistance	 (Table	1).	 In	 both	 the	
phylogeny	 and	 taxonomy	models,	 host	 range	 had	 a	 significant	 pos-































The	 species	 with	 the	 highest	 documentation	 intensity	 was	 the	






In	 both	 the	 phylogeny	 and	 taxonomy	 models	 restricted	 to	
Hemiptera	but	including	the	abundance	of	each	species	as	a	covariate,	





Voltinism	(#	generations	per	year) 10.14 48781 0.029*











Voltinism	(#	generations	per	year) 6.34 81042 0.2











Voltinism	(#	generations	per	year) −0.15 43494 0.97




Abundance	(#	collection	events) 0.055 40986 0.82







Voltinism	(#	generations	per	year) 1.11 8664 0.81




Abundance	(#	collection	events) −0.1 9000 0.72






which	 a	pest	 insect	 species	 has	 evolved	 resistance.	 In	 addition	 to	 the	main	 analyses,	we	 looked	 at	
Hemiptera	only	models,	for	which	we	could	include	the	number	of	distinct	collection	events	for	each	
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we	found	the	same	effect	from	host	range:	positive	on	the	breadth	of	
insecticide	 resistance	 (Table	1).	Abundance,	measured	 as	 a	 count	 of	
collection	events,	was	not	significant,	nor	were	the	effects	of	voltinism.
3.2 | Does feeding on particular host- plant groups 






The	 pre-	adaptation	 hypothesis	 is	 corroborated	 by	 correlations	 be-
tween	host-	use	and	insecticide	resistance	evolution.	It	would	appear	
that	 feeding	on	 some	plant	 groups	boosts	 the	odds	of	 evolving	 re-
sistance	 to	 insecticides.	 And	 plant-	eating	 insect	 species	 with	 more	
diverse	diets	are	apt	to	evolve	resistance	to	more	diverse	insecticides.
What	 kinds	 of	 hosts	 increase	 the	 odds	 of	 insecticide	 resistance	
evolution?	We	did	not	a	priori	characterize	the	differences	between	
host-	plant	families;	we	expected	that	some	families	would	be	different	
from	others,	without	 knowing	 the	particulars.	But	Figure	2	 shows	a	
marked	split	between	herbs	and	trees.	With	a	few	exceptions,	feed-
ing	on	plant	families	with	typically	herbaceous	growth	forms	increases	 
insecticide	 resistance,	 whereas	 feeding	 on	 plant	 families	 with	 typi-
cally	woody	growth	forms	does	not.	According	to	the	plant	apparency	 
hypothesis,	a	plant’s	defensive	strategy	should	be	a	function	of	how	
easy	 it	 is	 for	herbivores	to	find	 (Agrawal,	2007;	Silvertown	&	Dodd,	
1996).	 High	 apparency	 species	 (such	 as	 ecologically	 dominant	 tree	
species)	will	use	quantitatively	acting	 traits,	 such	as	high	concentra-
tions	of	nutrition-	inhibiting	tannins.	These	are	essentially	brute	force	
defenses	 that	can	be	 thwarted	with	more	brute	 force.	For	example,	
leaf	tannins	can	reduce	the	efficiency	with	which	insects	convert	leaf	
matter	 to	body	mass,	but	 this	can	be	overcome	by	eating	more	 leaf	











One	 such	 alternative	 hypothesis	would	 be	 that	 insects	 that	 eat	
herbs	are	more	 likely	 to	evolve	 insecticide	resistance	because	herbs	
are	treated	with	more	insecticides.	To	rule	this	out,	we	looked	at	 in-
secticide	 applications	 across	 the	 22	 top-	value	 crops	 in	California	 in	
2012.	Using	data	from	the	Pesticide	Action	Network	(PAN)	Pesticide	
Database	 (http://www.pesticideinfo.org/)	 and	 the	 USDA	 National	
Agricultural	Statistics	Service,	we	calculated	the	number	of	pesticide	
applications	 per	 year	 for	 a	 given	 acre	 of	 each	 crop	 (Table	 S5).	We	
found	 no	 significant	 difference	 between	 how	many	 times	 per	 year	









the	 population	 genetic	 factors	 that	we	 typically	 use	 to	 predict	 the	
evolution	 of	 insecticide	 resistance	 (e.g.,	 Georghiou	 &	Taylor,	 1977).	
Examples	of	such	factors	are	the	size	of	populations,	the	dominance	
and	 fitness	 costs	 of	 resistance	 alleles,	 the	 heterogeneity	 of	 envi-










































































































































































































































species,	 the	genetic	architectures	 for	detoxification	 lend	themselves	
























This	 study	 also	 shows	 us	 something	 about	 the	modes	 of	 insec-
ticide	 resistance.	The	 pre-	adaptation	 hypothesis	 assumes	metabolic	
resistance;	plant	defensive	molecules	are	degraded	by	insect	enzymes.	
But	 that	 is	 only	 one	 possibility.	 Others	 are	 target-	site	 insensitivity,	
behavioral	changes,	and	physical	exclusion.	In	principle,	resistance	to	
multiple	 types	of	 insecticides	 could	be	due	 to	 target-	site	mutations	
at	multiple	 loci,	or	the	evolution	of	one	general-	purpose	mechanism	
for	excluding	xenobiotics.	Multilocus	 target-	site	 insensitivity	may	be	
just	 as	 likely	 to	 evolve	 in	 a	 specialist	 as	 a	 generalist.	 But	 the	 other	











a	 decent	 representation	 of	 reality.	We	 suspect	 that	 many	 cases	 of	 
insecticide	 resistance	are	simply	not	 reported.	We	attempted	 to	ac-
count	 for	 documentation	 intensity	 in	 our	models,	 but	maybe	 these	





















the literature. And many others have evolved resistance to only some 
of	 the	 insecticides	 they	encounter.	This	suggests	 that	our	problems	
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